In this paper, the effect of chemical treatments on date palm fibers (DPFs) properties was studied; DPFs were first treated with a 5 wt% NaOH aqueous solution for 1 h and then modified using two types of silane coupling agents (3-Mercaptopropyltrimethoxysilane and 3-Aminopropyltrimethoxysilane) with various concentrations (0.1, 0.5, 1 and 2 wt%) to improve the interfacial properties of DPFs with polymeric matrices. SEM observations showed the formation of silane layers on the alkalized surface of DPFs. The Fourier-transform infrared (FTIR) results showed that the salinization was successfully performed by forming covalent Si-O-C bonds between DPF and silane coupling agent. The pull-out behavior of treated fibers was also investigated using two matrices; polyurethane (PU) and epoxy. The obtained results showed that the treatments have successfully improved the interfacial bond characteristics of DPF-PU and DPF-Epoxy systems.
Introduction
The last few years have seen a high demand for lignocellulosic fibers for the reinforcement of polymer composite materials [1] [2] [3] . Indeed, the applications of these fibers in composites are spreading in many sectors such as automotive, construction and sport [4] . This gain in interest stems from the combination of several advantages of lignocellulosic fibers compared to fibers conventionally used in composites, such as: low cost, low density, non-toxicity, high specific properties, no abrasion during processing, and the possibility of recycling [2] .
Silane coupling agents (organosilanes) are compounds whose molecules contain functional groups that bond with both organic and inorganic materials; they are often used in many industrial applications to improve adhesion between a polymer matrix and inorganic materials. They are also used in the surface modification of plant fibers in polymer matrix composites [5, 6] . The general formula of an organosilane shows two classes of fractions attached to a silicon atom:
R is a non hydrolyzable organic moiety which may be an alkyl, aromatic, organofunctional group. These groups provide the organic compatibility which allows the silane to form inter-penetrating polymer networks or, in the case of reactive organofunctional silanes, to co-react with the polymer matrix.
X represents alkoxy moieties, the most commonly encountered are methoxy (-OCH 3 ) or ethoxy (-OC 2 H 5 ), which react with the various forms of hydroxyl groups and release methanol or ethanol. These groups can readily provide bonds with inorganic substrates to improve adhesion [7] .
As shown in Fig. 1 , the reaction mechanism of the coupling of the organosilanes with the various substrates is linked to the effect of the two reactive groups, these reactions are different depending on the substrate in contact; On the one hand, the alkoxy groups allow the silane to bind to the surface hydroxyl groups and, on the other hand, the alkyl (R-) groups increase the compatibility and the hydrophobicity with the organic compounds, thus leading to an increase of The resistance of the interface between the two substrates [8] .
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The organosilane is often subjected to hydrolysis in a water/alcohol solution prior to treatment. After hydrolysis, a reactive silanol group is formed which can be condensed with other silanol groups to form siloxane bonds. Stable condensation products are also formed with other oxides such as those of aluminum, zirconium, titanium and nickel. Less stable bonds also form with oxides of iron and carbon. The alkali metal oxides and the carbonate do not form stable bonds with Si-O. It should be noted that a sufficient amount of water for the hydrolysis may be available from atmospheric moisture or on the surface of the substrate. In some cases, it may be necessary to add water to increase the degree of hydrolysis [7, 8] .
The coupling of the organosilane ends with the formation of hydrogen bonds with hydroxy sites existing on the surface of the substrate. Finally, during drying or curing, a covalent bond is formed with the substrate and water is released [9] (Fig. 1) .
Many studies have been carried out on several types of lignocellulosic fibers such as sisal [10] , hemp [11] , date palm [12] , bamboo [13] and jute [14] and focused on the mechanical properties and chemical modifications to improve fiber/ polymer compatibility. Zhou et al. [15] have found that the Fig. 1 Adhesion mechanism between the organosilane and fiber surface silane treatment of sisal fibers modifies surface topography, surface chemical structure and thermal degradation of sisal fibers. Li et al. [10] studied the influence of the treatment of sisal fibers with 3-aminopropyltriethoxysilane in acetone with a concentration of 6% for 24 h on the performance of vinyl ester composites. The results obtained showed an improvement of 3% of the tensile strength and 14% of the tensile modulus of the composites. The strength and bending modulus of the silane fiber composites increased by 15% and 30%, respectively, compared to the untreated composites. However, the treatment of the fibers by the silane did not affect the impact energy. Benzerzour et al. [5] studied the effects of silane treatment on the bond characteristics of recycled unsaturated polyester/glass fiber in a cementitious matrix, results showed an enhancement of the fiber-matrix interfacial properties in terms of the pull out energy and the bond strength with an optimal silane content of 0.5 wt%. Michelena et al. [16] considered that addition of organosilane coupling agent to epoxy resin may be a good alternative to the direct chemical pre-treatment of lignocellulosic fibers before composites manufacture.
In this work, alkali treated date palm fibers were subjected to surface treatment by two types of silane coupling agents to improve the bond properties between the fibers and the matrix. Morphological, chemical and thermal changes of DPFs were investigated. The bond characteristics of the fibers in polyurethane and epoxy matrices were also studied using single fiber pullout test.
Materials and methods

Materials
The natural fibers used in this work are date palm fibers (Phoenix dactylifera L.) collected from the region of Errachidia in southeast of Morocco. DPFs were manually separated, washed in distilled water several times to remove waxes and soluble impurities and then dried in an oven at 80 °C for 24 h.
The 3-mercatopropyltrimethoxysilane and 3-aminopropyltrimethoxysilane were supplied by Sigma Aldrich, France while Sodium hydroxide (NaOH) was supplied by BDH Chemicals Ltd Poole England.
PU specimens were prepared using industrial raw materials; polyisocyanate was supplied by DOW chemicals (ISONATE 181 MDI Prepolymer), with weight percentage of NCO group and density of 23.0% and 1.20 g/cm 3 , respectively, polyol (Krasol LBH 2000 Diol) was provided by CRAY VALLEY with hydroxyl value 0.91 meq/g, the average functionality, hydroxyl functionality and density of the polyol are 19-20 and 0.9 g/cm 3 at 20 °C, respectively. Epoxy resin used in this study (Araldite 506 epoxy resin) was supplied by Sigma Aldrich with a density of 1168 g/ cm 3 .
Methods
DPFs alkali treatment
The alkali treatment of date palm fibers was carried out according to previous work [12] , DPFs were treated with 5% of sodium hydroxide for 1 h at room temperature, and then they were rinsed several times with distilled water to remove the excess of unreacted NaOH solution, after that they were dried in an oven at 80 °C for 24 h.
Preparation of silane solutions and DPFs silane treatment
The silane treatment of date palm fibers was performed using two silane agents; 3-mercatopropyltrimethoxysilane and 3-aminopropyltrimethoxysilane namely silane A and silane B, respectively. Briefly, a 80/20 (v/v) mixture of methanol and water was prepared and stirred for 30 min, pH of the solutions was adjusted with acetic acid, while stirring the aqueous solution, silane drops with various contents (0.1, 0.5, 1 and 2 wt%) were added gradually and slowly to ensure a good dispersion. The hydrolysis was then carried out at room temperature for 24 h; after that alkali treated date palm fibers were added to each mixture and kept at room temperature for 24 h. After the silane treatment, fibers were washed many times with a 80/20 (v/v) methanol/water mixture to remove residual unreacted silane molecules, washed in distilled water and dried in an oven at 80 °C. The abbreviation for the different fiber treatments used in this work is presented in Tables 1, 2 . 
SEM observations
Morphological observations were carried out using a scanning electron microscope (Quanta FEG); DPFs were examined before and after chemical treatments as well as after the pull-out test to examine the bonding between the fiber and the matrix. No preliminary sample preparation was carried out.
FTIR spectroscopy
FTIR measurements of DPFs before and after treatments were performed using IRAffinity-1S spectrometer from SHI-MADZU in the range of 400-4000 cm −1 . A total of 90 scans were recorded for each sample with a resolution of 16 cm −1 , dried fibers were mixed with KBr and pressed into a disc for measurements.
Contact angle measurement
To estimate the effect of surface treatment on the hydrophilic/hydrophobic behavior of date palm fibers, contact angle measurements were carried out by depositing 50 µL DI water (18.0 MΩ) droplets on the DPF. The apparatus used for measurements was a digital camera EasyDrop with digital image analysis software.
Pull-out test
The pull-out test was performed using a universal testing machine [Model TH 2730 5 kN (80 W, 500 mm), Germany] with a 5 kN load cell to examine the effect of chemical treatments of DPFs on the fiber-matrix interface, the plot was recorded as load function of pull-out distance; test specimens were prepared by embedding 20 mm of single fiber in the matrix using a 20 × 15 × 10 mm (length × width × thickness) box. The interfacial shear stress (IFSS) was calculated using the following equations:
With IFSS is the interfacial shear stress (MPa), F max maximum pull-out load (N), S f the surface of fiber-matrix interface (mm 2 ), n number of embedded fibers (n = 1), D (mm) is the fiber diameter and L (mm) the embedded fiber length.
Results and discussion
SEM observations of raw and treated DPFs
Scanning electron microscopy is one of the most powerful characterization technics for assessing the influence of surface modification on fiber topography. SEM micrographs of untreated and treated date palm fibers are shown in Figs. 2, 3 and 4. Figure 2 shows the effect of alkali treatment on DPF topography. It is clearly seen that alkali treatment improved the surface quality of date palm fibers; indeed, waxes, oils, and other impurities can be clearly seen on the surface of the untreated fiber surface (Fig. 2a) . The latters were seen to be removed after treatment due to their solubility in NaOH aqueous solution as shown in Fig. 2b . Moreover, the fiber surface was seen to be rougher after alkali treatment. This made the hydroxyl groups of the fiber more exposed to the surface and consequently more reactive [12] . Generally, these changes have benefits in composite material manufacture when the fibers are used as reinforcing agents. Indeed, the rougher surface enhances the mechanical interlocking adhesion between the fibers and the matrix materials [15] . SEM images of silane treated DPFs are shown in Figs. 3 and 4.
Although silanes cannot be directly identified by scanning electron microscopy, their effect on the morphology of date palm fibers is important. The treatment of alkalized DPFs with silane A (Fig. 3) or with silane B (Fig. 4) modified the surface appearance of the fibers. Indeed, after the silane A treatment, the surface of the fiber appeared to be smoother to conclude the formation of a surface layer of the silane. After treatment with silane B, the surface texture of the fibers appeared "granular" and "rougher" compared with that of the alkalized fibers (see Fig. 2b ). We suggest that silane B partially overlapped the surface or caused cracking of surface microfibrils during drying process. In addition, we noted a densification of the fibers: the hollow structure of the alkalized fibers disappeared after treatment with both organosilane A and B. FTIR spectroscopy was, therefore, used to confirm the chemical effectiveness of silane treatments by investigating the structural changes in the fiber surface before and after treatment.
FTIR analysis
FTIR spectra of raw and treated date palm fibers are shown in Fig. 5 .
Many chemical changes with different levels have occurred after treatments. The broad absorption band in the region between 3200 and 3500 cm −1 is attributed to the vibration of elongation of the O-H bond which was found to decrease after alkali treatment, this can be explained by the fact that the hydroxyl groups are involved in hydrogen bonding with the carboxyl groups of the fatty acids available on the fiber surface [17, 18] . The absorption band in the region around 1745 cm −1 observed in the spectrum of the raw fiber can be attributed to the carbonyl group C = O [19] , this band disappeared completely after treatment with sodium hydroxide, this disappearance was due to the hydrolysis of hemicellulose in alkaline medium characterized by breaking the C-O-C bonds between two monomers [20] . This implies that hemicelluloses are easily removed by alkalization compared to lignin [12] . The bands at 1176 cm −1 to 1405 cm −1 characteristic of -O-CH 3 and C = C bond of lignin, respectively, also decreased after the alkali treatment [20] . After the silane treatment, new absorption bands appeared in the region, from 600 to 1700 cm −1 , and are specific to silane coupling agents [21] [22] [23] . Indeed, new bands appeared at 1176 and 777 cm −1 which are supposed to come from vibrations of the Si-O-Cellulose and Si-C bonds linked to the hydroxyl groups of the fiber surface. The band at 636 cm −1 corresponds to the stretching vibration of the Si-O-Si bonds originating from the condensation of the silane agents [23] . Table 2 regroups the bond assignements of raw and treated DPFs. Therefore, the proposed treatments have been shown to be effective in producing chemically modified DPF surfaces with different functionalities.
The hydrophilic/hydrophobic behavior of treated DPFs
The effect of silane treatment on the hydrophilic/hydrophobic behavior of DPFs is shown in Fig. 6 .
Contact angle measurements indicate a significant difference in the hydrophilic behavior of raw DPFs compared to silane A and B modified DPFs. From Fig. 6 , the contact angle values (hydrophobicity) were found to be growing in the following order: RF < silane A < silane B. We note that the high value of the relative contact angle has been reached with organosilane B-treated DPFs, despite the presence of an amino terminal group having a high polarity. This result was attributed to the configuration of this silane at the surface of the fibers which is supposed to bend and orient its polar head (NH 2 ) towards the surface, driven by the formation of strong hydrogen bonds with the hydroxyl groups of the DPFs. It is likely that the rapid rate of condensation of (-Si-OH + -Si-OH) and (-Si-OH + C-OH), induced by the catalytic effect of the amine group, resulted in a lower concentration of the Si-OH groups free on the surface. Such a configuration would leave the ethylene groups exposed to the surface, thus leading to the hydrophobicity being evaluated through the contact angle. This catalytic effect of organosilanes had been widely studied in the literature [21] .
Similar results had been reported by Mansur et al. [24] who have studied the effect of organosilane treatment on the hydrophobicity of fibers using several types of organosilanes. The authors concluded that the contact angle increased in the following order according to the organosilane used:
Interfacial properties of DPF-Polyurethane and DPF-Epoxy systems
Up to now, we have presented the effect of treatment with two different organosilanes (silane A: 3-mercatopropyltrimethoxysilane and silane B: 3-aminopropyltrimethoxysilane) on the surface of the alkalized date palm fibers (5% of NaOH). Our main goal is to improve the interfacial properties of DPFs with organic matrices. To do this, pull-out tests were carried out on DPF-polyurethane and DPF-epoxy Tables 3  and 4 .
From these results, it is obvious that the treatment of DPFs with organosilanes made it possible to improve the adhesion between the fibers and the organic matrices by the formation of strong bonds between the two materials. In fact, the grafting of the organosilanes functional groups on the surface of the alkalized DPFs increased the number of reactive sites exposed to the surface on the one hand and the hydrophobicity of the fibers on the other hand. Therefore, it is clear that the interfacial stress that represents the bonding strength established between DPFs and organic matrices increases with increasing silane content, up to 0.5% for A-PU and B-PU systems, and 1% for A-Epoxy and B-Epoxy systems. The average interfacial stress obtained in this study varies between 0.18 MPa for the RF-PU system and 0.39 MPa for the A0.5-PU system on the one hand and 0.42 MPa for the B0.5-PU system on the other hand, which represents an increase of 115 and 133%, respectively. The average interfacial stress recorded for DPFEpoxy systems varied between 0.22 MPa for untreated fibers (RF-Epoxy) and 0.41 MPa and 0.42 MPa for A1-Epoxy and B1-Epoxy systems, respectively, with an increase of 86 and 90%, respectively. However, a decrease in binding strength has been noticed when the organosilane content is too high, which is the case for a concentration of 1% for DPF-PU systems and 2% for DPF-Epoxy systems. Figure 7 shows the SEM images of the date palm fibers obtained after the pull-out tests of the DPF-PU and DPFEpoxy systems. From Fig. 7 one can see clearly that the surface of the raw fiber pulled out from the matrix was not subjected to any abrasion. This can be explained by the lack of compatibility between the fiber and the matrix. The residues of the organic matrices can be clearly seen on the surface of the fibers. This means the existence of a strong attachment between the two materials translated by the formation of strong links to the interface. These observations explain the increase in interfacial stress between DPFs and organic matrices after organosilane treatment.
SEM observation of the pulled-out DPFs
Conclusion
To conclude, the experimental results presented in this paper have shown that the chemical treatments of date palm fibers in particular, the alkali treatment and the treatment with organosilanes have remarkably improved the interfacial characteristics between the fibers and the organic matrices such as polyurethane and epoxy evaluated by the pull-out tests. Indeed, the treatment with organosilanes A and B of alkalized DPFs with 5% of NaOH made it possible to considerably increase the interfacial strength of the FPD-PU and FPD-Epoxy systems. Optimum concentrations were recorded at 0.5% for A-PU and B-PU systems and 1% for A-Epoxy and B-Epoxy systems.
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